Hopfield learning rule with high capacity storage of time-correlated patterns by Storkey, A & Valabregue, R
  
 
 
 
Edinburgh Research Explorer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Hopfield learning rule with high capacity storage of time-
correlated patterns
Citation for published version:
Storkey, A & Valabregue, R 1997, 'Hopfield learning rule with high capacity storage of time-correlated
patterns' Electronics Letters, vol. 33, no. 21, pp. 1803-1804. DOI: 10.1049/el:19971233
Digital Object Identifier (DOI):
10.1049/el:19971233
Link:
Link to publication record in Edinburgh Research Explorer
Document Version:
Peer reviewed version
Published In:
Electronics Letters
General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.
Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.
Download date: 05. Apr. 2019
 
		


	ﬀﬁﬃﬂ !
!"#"ﬃﬂ%$
&
ﬂ  	'()ﬂ *+	-,%"	./ﬂ 	0#/ﬂﬂ 	
&
12435768.3:9.;<>=?A@73:2CB%DFE4GHB%IJB%KA9.<>L:MA<
N
<>MA9OB%I6=A58.<>2C57P9.3:MAQ
R
24Q-<>9.DJB%IS3:IFIF<>L:<#3%T76 UVDF<>E-UV<? W<%UOXAEA3:IF3:L:=CB%E-Y[Z[<%Y DJUVDFEA<
\
3:E-Y 3:E]6^`_ba:1#c
d
EADF8.<%Y4e
DFEALY 3:2
fJg%h%ij>klg%m7noipoqr.sAt/uVv>w:ixlh
g%inJyuVpoz{>|.}Ov:}O|klnJ~>{>|uVpopoix}Onoih#v:}Ononoipog%r.
H:ﬃﬃVO
C>Łﬃ) Oﬃ->7 >ooŁﬃŁoVJA ŁﬃJV >7JV Ł ŁﬃO./ >Łﬃ
 J/V   F
JJJoŁ>.JJŁoJ>-lo.F Ł/JŁoJ Łﬃ- .JFo.ﬃJ>ŁoVo:>ŁﬃFAJ%A A¡V 
 ŁﬃJV >JV Ł¡>.-¡V ¡>Łoﬃ>.o FHF¡>7F¡>Ł¢ŁoVHJV Ł.£>>HFV¤%Łoo-F V l¥
 ﬃVF H ŁﬃJ-ﬃ>.o FH .J.-F¡>ŁﬃJoŁo .F %ŁﬃFAŁﬃŁo7>.JJŁoJ>A >ooŁﬃ.JŁﬃﬃ
¦ § ¨© ª-«¬#­®©A¯«7¨
°±%ipoi#}OpoinJyu#po²%xlirHpoimV²%x}Opoxl~³²%roihb´FuVpnopﬃ}Oklg%klg%m#t/uVv>w:ixlhbg%inJyuVpoz>r.#°±%iquVron
|uVqquVg7uO´Ano±%iroiV{no±%it/iµ%µ#po²%xliV{:ro²>¶iporroi·VipoiHh%imVpﬃ}Oh:}OnokluVg
y±%ig#nopﬃ}Oklg%klg%mHv:}OnJ¸
noipog%r}Opoi7|uVpopoix}Onoih #¹/r7}
poiro²%xln.{-v%pﬃ}O|noklnokluVg%iporH±:}.·Vi7mVig%ipﬃ}Oxlxl~³poi·Viponoih4nou#²%rJ¸
klg%m7no±%iv%roi²%h%uO¸Jklg>·ViporoiHpo²%xliklg
ro²%|ﬃ±#|klpo|²%qronﬃ}Og%|ir.t/uOyi·Vip/no±%iv%roi²%h%uO¸Jklg>·Viporoi
º
qino±%u>hHro²>¶ipor-´FpouVq]roklmVg%k w:|.}Og>nAv%pouVµ%xliqr.  klporonoxl~>{Okln-klrAg%uVn-klg%|poiqig>nﬃ}OxJsk ´ }g%iy
v:}Ononoipog³klr/nouµ:iHnopﬃ}Oklg%ih {}Oxlx no±%iuVxlh#v:}Ononoipog%r±:}.·Vinouµ:iHpoinopﬃ}Oklg%ih >i|uVg%h%xl~
kln
klrg%uVnxlu>|.}OxJsAno±%ig%inJyuVpoz|.}Og%g%uVng:}Ono²%pﬃ}Oxlxl~7µ:inopﬃ}Oklg%ih
klg#}v:}Opﬃ}Oxlxlixq
}Og%g%ip.{>}Og%h
rou7klrg%uVni.}Oroklxl~}Oqig:}Oµ%xli/nou7±%klmV±rov:iih#v:}Opﬃ}Oxlxlixnoi|ﬃ±%g%k>²%ir. }Oronoxl~7no±%inopﬃ}Oklg%klg%m
qino±%u>h
klrroxluOy[µ:i|.}O²%roi7klnklg>·VuVxl·Virklg>·Viponoklg%m}Og	
	'q
}Onopoklj{Vy±%ipoiﬀklrno±%i
g>²%q7µ:ipuO´Av:}Ononoipog%rnouHµ:ironouVpoih 
°±%iroi7v%pouVµ%xliqr}OpoiquVron/roklmVg%k w:|.}Og>n/y±%ig³no±%iHv:}Ononoipog%rnou
µ:iHnopﬃ}Oklg%ih³}Opoi7}
noklqi7roipoklir
}Og%h)poi.}Ox/noklqi7nopﬃ}Oklg%klg%m#klr7g%iih%ih 4°±%i
roxluOyrov:iihCuO´/no±%i#v%roi²%h%uO¸
klg>·ViporoiV{%}Og%hquVpoiklqv:uVponﬃ}Og>noxl~klnorklg:}Oµ%klxlklnJ~nou7}Oh%hv:}Ononoipog%rklg%|poiqig>nﬃ}Oxlxl~>{Oq
}OzVi
klnuO´-xlklnonoxli²%roi´FuVpno±%klrnﬃ}Oroz %²%pono±%ipoquVpoinoklqi/roipoklir/²%ro²:}Oxlxl~klg%|xl²%h%iroklmVg%k w:|.}Og>n
|uVpopoix}OnokluVg%rµ:inJyiig³poi.}Oh%klg%mVr/´FpouVq'}Oh}O|ig>n/noklqironoiv%r.°±%klr/q
}OzVirno±%iHt/iµ%µ
po²%xli²%g%ro²%klnﬃ}Oµ%xliV
t/ipoiV{%yiij%}Oqklg%ino±%i/g%iyCxli.}Opog%klg%mpo²%xliklg>nopou>h%²%|ihklg	lº:´FuVp-klnor-iﬃ¶i|nokl·Vig%iror
yklno±#noklqi|uVpopoix}Onoih³v:}Ononoipog%r.°±%klr/xli.}Opog%klg%m7po²%xliHh%u>irg%uVn/ro²>¶ip/´FpouVqﬀno±%ih%klrJ¸
}Oh%·V}Og>nﬃ}OmVir/uO´-no±%iHv%roi²%h%uO¸Jklg>·ViporoiVs/kln/klr/µ:uVno±#xlu>|.}OxA}Og%h#klg%|poiqig>nﬃ}OxJfJn}Oxlrou±:}Or
}7±%klmV±%ip/|.}Ov:}O|klnJ~
no±:}Og#no±%iHt/iµ%µ³po²%xliVbih%iquVg%ronopﬃ}OnoiHno±:}On/no±%klr/g%iy xli.}Opog%klg%m
po²%xliHq
}Oklg>nﬃ}Oklg%rklnor/±%klmV±#|.}Ov:}O|klnJ~
yklno±³roklmVg%k w:|.}Og>n|uVpopoix}OnokluVg%rklg#v:}Ononoipog%r.°±%klr
|uVg>nopﬃ}Oronor-yklno±Hno±%it/iµ%µ7po²%xliV{Oy±%ipoino±%i|.}Ov:}O|klnJ~poih%²%|irq7²%|ﬃ±´J}Oronoip}OrAno±%i|uVpJ¸
poix}OnokluVg
klg%|poi.}Oroir.biro±%uOy±%uOyno±%klr/|.}Og#µ:i7}O||uV²%g>noih#´FuVpµ>~
no±%iHpoix}OnokluVg%ro±%klv
µ:inJyiig#no±%ig%iy[po²%xli}Og%h
no±%iv%roi²%h%uO¸Jklg>·ViporoiV
fJg4no±%klrHv:}Ov:ip7yi
xlu>uVzb}On}#qu>h%ixuO´/v:}OnonoipogC|uVpopoix}OnokluVg%r.{-y±%kl|ﬃ±)poiroiq7µ%xli
no±%i#|uVpopoix}OnokluVg%r7klg4v:}Ononoipog%ry±%kl|ﬃ±)´FuVpoq}³noklqiroipoklir.#}Og>~bnoklqiroipoklir#}Opoi
h%klmVklnoklrﬃ}OnokluVg%r uO´|uVg>noklg>²%uV²%rAi·Vig>nor.{>h%klmVklnoklroihHµ:uVno±HklgHno±%inoklqi}Og%hHrov:}O|ih%uVq
}Oklg%r.
 %uVp ij%}Oqv%xli-·>klh%iu´Fu>uVnﬃ}OmVi|uVg%roklronorAuO´%´Fpﬃ}Oqir uO´:h%klmVklnoklroihH·>klh%iu/klg>´FuVpoq
}OnokluVg %¹/g>~
nJyu´Fpﬃ}OqiruO´Aro²%|ﬃ±#noklqiroipoklir}Opoiklg%i·>klnﬃ}Oµ%xl~7|uVpopoix}Onoih {%no±%ixli·VixuO´A|uVpopoix}OnokluVg

h%iv:ig%h%klg%m7uVgno±%irov:iih#uO´ quO·Viqig>n.{Ono±%i/rﬃ}Oqv%xlklg%mpﬃ}OnoiV{:}Og%h±%uOyC|xluVroiklg7noklqi
no±%inJyuH´Fpﬃ}Oqir}Opoinou7uVg%i}Og%uVno±%ip.
   «	
¬ ¨©«ª
°±%it/uVv>w:ixlhbg%inJyuVpoz³klrH}Og)}Ononopﬃ}O|nouVpHg%i²%pﬃ}Oxg%inJyuVpoz³y±%kl|ﬃ±)}O|nor7}OrH}
|uVg>noig>n
}Oh%h%poirorﬃ}Oµ%xli7qiquVpo~>°±%iﬃuVµ#uO´no±%i7xli.}Opog%klg%m
po²%xliHuO´/}t/uVv>w:ixlhbg%inJyuVpoz#klrnou
w:g%h#rouVqi/yiklmV±>n/q
}Onopoklj Hy±%kl|ﬃ±
ronouVpoirno±%ipoi >²%klpoih³v:}Ononoipog%r}Orw:j>ih#v:uVklg>nor
uO´Ano±%ig%inJyuVpoz
u>|.}OxlklnJ~H}Og%hHklg%|poiqig>nﬃ}OxlklnJ~±:}.·Vi/}Oxlpoi.}Oh%~µ:iig7h%klro|²%roroih
klgHno±%iklg>nopou>h%²%|nokluVg 
°±%iroi}Opoi/µ:uVno±7klqv:uVponﬃ}Og>n |ﬃ±:}Opﬃ}O|noipoklronokl|ruO´A}/xli.}Opog%klg%mpo²%xliV fJg}Oh%h%klnokluVgHnouno±%iroi
}xli.}Opog%klg%mHpo²%xli±:}Or}H|.}Ov:}O|klnJ~> °±%klrklrrouVqiqi.}Oro²%poiuO´ ±%uOy[q
}Og>~v:}Ononoipog%r/|.}Og
µ:ironouVpoihklgH}g%inJyuVpozuO´:}mVkl·VigrokiV 
uVpoi-rov:i|k w:|.}Oxlxl~>{.klgno±%klr v:}Ov:ipAyi-|uVg%roklh%ip
no±%iH}Oµ%rouVxl²%noi|.}Ov:}O|klnJ~   AuO´-no±%ig%inJyuVpoz°±%klr/klrmVkl·Vig
µ>~no±%i7}Oro~>qv%nouVnokl|/pﬃ}Onoklu
uO´no±%ig>²%q7µ:ipuO´v:}Ononoipog%rHno±:}On|.}Ogbµ:ironouVpoih)yklno±%uV²%nipopouVpHnou
no±%ig>²%q7µ:ipuO´
g%i²%pouVg%r.{:}Orno±%ig%inJyuVpozrokinoig%h%r/nouHklg>w:g%klnJ~>
ﬁﬀ ﬂﬃ! 	"$#%"$&('*)ﬁ"$+#%&ﬃﬁ&-,.#%/)ﬁ"$0
°±%poiiHxli.}Opog%klg%mHpo²%xlir}Opoi²%roih³klg
no±%klrv:}Ov:ip.°±%it/iµ%µ%k}Og
xli.}Opog%klg%m7po²%xliklrxlu>|.}Ox
}Og%h³klg%|poiqig>nﬃ}OxJ{µ%²%n±:}OrH}xluOy]}Oµ%rouVxl²%noi7|.}Ov:}O|klnJ~#uO´132%4 Axlg-135y±%ipoi61bklrno±%i
g>²%q7µ:ipuO´g%i²%pouVg%r   o °±%klr|.}Ov:}O|klnJ~4h%i|poi.}Oroir³roklmVg%k w:|.}Og>noxl~4k ´v:}Ononoipog%r³}Opoi
|uVpopoix}Onoih 
°±%i-v%roi²%h%uklg>·Viporoi-±:}OrA}|.}Ov:}O|klnJ~/uO´1  7 o{µ%²%n h%u>irAg%uVn±:}.·ViAno±%i-´F²%g%|nokluVg:}OxlklnJ~
uO´%no±%i-t/iµ%µpo²%xliVfJn klrg%uVnklg%|poiqig>nﬃ}OxVuVpxlu>|.}OxJ{µ:i|.}O²%roiklnklg>·VuVxl·Vir:no±%i-|.}Oxl|²%x}OnokluVg
uO´-}Og
klg>·ViporoiV
7
 	




fJg
uVpoh%ip/nou7uO·Vipo|uVqi/no±%iv%pouVµ%xliqruO´-µ:uVno±
uO´-no±%iroixli.}Opog%klg%m7qino±%u>h%ryiklg>nopouO¸
h%²%|ino±%i/´FuVxlxluOyklg%mg%iy[xli.}Opog%klg%mHpo²%xliV


ﬁﬀﬂﬃ !#"$	



%#&'(*)ﬂ(+ ,'-ﬂ.0/ﬁ-12+ 3
 465
/ﬁ78/ﬁ--16/ﬁ92:
-
4
1	7(;16/<7(-)
4
16=>+@?A?2/ﬁ+B>-
4A524
<<
4
)!-@'(07()!<@($/ﬁ127+7ﬁ,*12;ﬁ<@(0+
5
+-
4ﬁC
(D?
AE
 AFHGJIK6LNM
/ﬁ7B
PO
 	F
POﬁQSR
 UT
º
1ﬂV
O

V
O
>W
º
1ﬂV
O
X
O
 W
º
1
X
O
 
V
O

4oº 5
)S'(16(
XY 	FHZ\[]^
R$_
]`^

_


Y
QSR

]
V
Y]
+@?	/
524
12.
465
<
4
9$/<ﬁaﬂ(2<@B*/ﬁ-ﬂ7(;1
4
7
K	b
-@'(J+7c;-ﬂ-
4
-@'(07(;1
4
7
K@d>e
/ﬁ7B
V
Y
+@?J-@'(J7()8c/ﬁ--(127f-
4>C
(J<@($/ﬁ127-
b
V
Y

FHg
º
d
°±%klrApo²%xliklrAxlu>|.}OxJs$ h%iv:ig%h%ruVg%xl~uVg7klg>´FuVpoq
}OnokluVg}.·V}Oklx}Oµ%xli-}OnAno±%inJyu}Oh}O|ig>n
g%i²%pouVg%r4no±%i·V}Oxl²%iruO´
V

L
V

L$X

L$X
 5fJn/klr|xli.}Op´FpouVqﬁno±%ipoi|²%porokl·ViHg:}Ono²%poiuO´4oº 5
no±:}Onklnklr/}OxlrouHklg%|poiqig>nﬃ}OxJAfJn±:}Or/}Og
}Oµ%rouVxl²%noi|.}Ov:}O|klnJ~uO´(132ﬁh Axlg1 lº o
i jlk k®¯ﬃ©m
°±%iqi.}Oro²%poiruO´}Oµ%rouVxl²%noi|.}Ov:}O|klnJ~
mVkl·Vig#}Oµ:uO·ViuVg%xl~±%uVxlh´FuVp/klg%h%iv:ig%h%ig>nv:}OnJ¸
noipog%r.
t/ipoi
yi7|uVg%roklh%ipy±:}On±:}Ov%v:ig%rHy±%ig)v:}Ononoipog%r7}Opoi7|uVpopoix}Onoih  bi}Opoi
rov:i|k w:|.}Oxlxl~7klg>noipoironoih
klgHno±%i/nJ~>v:iruO´ |uVpopoix}OnokluVg%ry±%kl|ﬃ±7u>||²%pklg7noklqiroipoklir.-°Au
qu>h%ix:no±%klryi/´FuVpoqﬁno±%iv:}Ononoipog%r/²%roklg%m7no±%i/´FuVxlxluOyklg%mroklqv%xli#}OpozVuO·7|ﬃ±:}Oklg 
n4
V
YF
V
Y
QSR

5
F\op
n4
V
R

F
º 5
F
º

p
º
fq
o*r
º 4  5
y±%ipoi*s
F
º
L

Lttt6L
ﬀx}Oµ:ixlr/no±%iHv:uVroklnokluVg#uO´no±%iHv:}Ononoipog³klg#no±%iHnoklqiroipoklirH}Og%h
V
YFHg
º
IK6L
s-
°±%i|uVpopoix}OnokluVgµ:inJyiig³v:}Ononoipog%r
V
Y

}Og%h
V
Yuv

klrroiig#nouHµ:i
w4
V
Y

V
Yuv

5
4w4ﬁ4
V
Y
56x 56w4ﬁ4
V
Y
56x 5ﬁ5
R6y
x
F
 
o	W
º Nz
v
z
{
µ>~4}Ov%v%xlkl|.}OnokluVgbuO´no±%i ±:}Ov%q
}Og>¸uVxlq7uVmVuVpou.·#i >²:}OnokluVg%r.4°±%klr7ro±%uOyrno±:}OnHno±%i
|uVpopoix}OnokluVg#µ:inJyiig³v:}Ononoipog%rh%i|.}.~>r}Or/no±%iklp/noklqi/roiv:ipﬃ}OnokluVg³klg%|poi.}Oroir.t/ig%|iﬃ¸
´FuVpono±
y±%ig
yi²%roino±%inoipoqﬁ|uVpopoix}OnokluVg {>yipoiﬃ´Fipnou7no±%i·V}Oxl²%iuO´Ano±%i|uVpopoix}OnokluVg
µ:inJyiig#nJyu7|uVg%roi|²%nokl·Viv:}Ononoipog%r.s 
oJW
ºV
t/ipoi
yi|uVqv:}Opoi7no±%i#}Oµ%rouVxl²%noi|.}Ov:}O|klnJ~³uO´/no±%i
g%iyxli.}Opog%klg%m#po²%xliyklno±bno±%i
t/iµ%µpo²%xli}Orno±%i|uVpopoix}OnokluVgklg%|poi.}Oroir.-fJgH}OxlxO|.}Oroir(7
G
roinorAuO´%v:}Ononoipog%r
V
Y
uO´%xlig%mVno±

GﬁG
yipoi|ﬃ±%uVroig³}O||uVpoh%klg%mnou4  5 %uVpi.}O|ﬃ±#roin.{:no±%iv:}Ononoipog%r/yipoiHv%poiroig>noih³nou
no±%ig%inJyuVpozbuVg%iµ>~buVg%i²%g>noklxuVg%iuO´/no±%iv:}Ononoipog%r7y}OrHg%u#xluVg%mVip7}Og)}Ononopﬃ}O|nouVp
4kJ iVb}Oµ%rouVxl²%noi|.}Ov:}O|klnJ~b±:}Oh)µ:iigCpoi.}O|ﬃ±%ih5 bi7v%xluVnHno±%i
qklg%klqH²%qﬁqi.}Og)}Og%h
q
}Oj>klqH²%q |.}Ov:}O|klnJ~7uO·Vipno±%i	7
G
roinor.
°±%i}Oµ:uO·Viroklq7²%x}OnokluVg%r yipoiv:ipJ´FuVpoqih {>}Og%hno±%i/|.}Ov:}O|klnJ~7poiro²%xlnor´FuVp-no±%ig%iy
xli.}Opog%klg%mHpo²%xliyipoi|uVqv:}Opoihyklno±
no±%uVroiuO´-no±%it/iµ%µ#po²%xli4   klmV²%poi7º 5AfJn/klr|xli.}Op
´FpouVqno±%klr7mVpﬃ}Ov%±Cno±:}On7g%uVn7uVg%xl~)h%u>irno±%i#g%iyﬀpo²%xli#±:}.·Vi#}broklmVg%k w:|.}Og>noxl~b±%klmV±%ip
|.}Ov:}O|klnJ~#´FuVp²%g%|uVpopoix}Onoih)v:}Ononoipog%r.{Aµ%²%nklnH}Oxlrou
ro²>¶iporHxliror´FpouVq`}Og³klg%|poi.}Oroi
klg
no±%i#|uVpopoix}OnokluVg C°±%i#g%iyﬁpo²%xli#roiiqr7noubµ:i#²%g:}.¶i|noih[µ>~)roq
}Oxlx|uVpopoix}OnokluVg%r.{
y±%ipoi.}Or7no±%i
t/iµ%µ4po²%xli
|.}Ov:}O|klnJ~bh%i|.}.~>rH´J}Oron7}OrHno±%i
|uVpopoix}OnokluVg)klg%|poi.}Oroir7´FpouVq
ipou:-fJg
}Oh%h%klnokluVgno±%ig%iy[po²%xlironoklxlx:±:}OrmVpoi.}Onoip/ronouVpﬃ}OmVi}Oµ%klxlklnJ~H}On|uVpopoix}OnokluVg%ruO´
}Oµ:uV²%n
Gt
/no±:}Ogno±%it/iµ%µpo²%xli/h%u>ir-´FuVp²%g%|uVpopoix}Onoih
v:}Ononoipog%r.-°±%i/t/iµ%µpo²%xli/uVg
no±%iHuVno±%ip±:}Og%h#klr²%roixliror´FuVp/|uVpopoix}OnokluVg%r}Oµ:uO·ViHno±:}On/uO´
Gt
{:iro²%xlnoryipoi7·Vipo~
roklqklx}Op ´FuVpuVno±%ipg%inJyuVpoz
rokir.
 `ª(2k©A¯«7¨	(¯ 
 ©¨©( Akª¨¯.¨	ª­ 
°±%i#´FuVxlxluOyklg%m³poix}OnokluVg%ro±%klvCµ:inJyiig no±%i³h%k ¶ipoig>n#nopﬃ}Oklg%klg%mbpo²%xlir#|.}Og[µ:imVklgCnou
klg%h%kl|.}Onoiy±>~7no±%ig%iy[xli.}Opog%klg%m7po²%xli|.}Og
ronouVpoi|uVpopoix}Onoih#v:}Ononoipog%r.

°±%iklg>·ViporoiuO´:}q
}Onopoklj|.}Ogµ:i|.}Oxl|²%x}Onoihµ>~no±%i-´FuVxlxluOyklg%m-klnoipﬃ}Onokl·Vi-v%pou>|ih%²%poi
 
[
u
R
F
 
[
4 
W
 
[
5
yklno± 
E
F
%7°±%i 
[
|uVg>·VipomVirHnou

QSR
k ´ 4
W
5/±:}OriklmVig>·V}Oxl²%irxlirorno±:}Og
uVg%iVA°±%klrklrnopo²%i´FuVp}Og>~

uO´Ano±%i´FuVpoq²%roih#klgno±%iv%roi²%h%uO¸klg>·Viporoipo²%xliV
>u²%roklg%mno±%klryklno±7no±%i/v%roi²%h%uO¸Jklg>·Viporoi/y±%ipoi
HF
º 2 1
Z![
]^
R
V
Y
]
V
O
]
{Vyi|.}OgmVin
}/w:poron/}Ov%v%pouOj>klq
}OnokluOgµ>~Hklnoipﬃ}Onoklg%muVg%|iuVg%xl~>{OnoumVin}/w:poronuVpoh%ipklg

ij>v:}Og%rokluVg s

	
 
F

1
	

Y
^
R
V
Y

V
Y

W
º
1
	

Y
^
R
	

O
^
R
V
Y


Y
O
V
O

°±%ig%iy[po²%xliklrh%iﬃw:g%ih
poi|²%porokl·Vixl~
fF´Ano±%klrklrno±%ig#ij>v:}Og%h%ih
uV²%nyi/w:g%hklnklr
}OxlrouHuO´-no±%i}Oµ:uO·Vi/´FuVpoqnouHw:poronuVpoh%ip/klg


°±%i/t/iµ%µ%k}Og7po²%xliklr-|xli.}Opoxl~Hno±%iipouVno±
uVpoh%ip-ij>v:}Og%rokluVg7uO´ no±%i/v%roi²%h%uO¸Jklg>·Viporoi
po²%xliV°±%iw:poronuVpoh%ipij>v:}Og%rokluVg³klnoroix ´klr/g%uVg>¸Jklg%|poiqig>nﬃ}OxJ{:µ%²%nno±%iHg%iy xli.}Opog%klg%m
po²%xliv%pouO·>klh%ir/}Og
klg%|poiqig>nﬃ}Oxqino±%u>hyklno±#}w:poronuVpoh%ip/ij>v:}Og%rokluVg
i >²%kl·V}Oxlig>nnou
no±:}OnuO´Ano±%iv%roi²%h%u7klg>·ViporoiV
bi7|.}Ogb|uVg%roklh%ipHno±%ig%iy]xli.}Opog%klg%m
po²%xlinou
µ:i
}Ogbklg>noipoqih%k}OnoiHµ:inJyiig)no±%i
t/iµ%µ
po²%xli}Og%hno±%iv%roi²%h%uO¸Jklg>·ViporoiV-fJnklg%±%ipoklnorrouVqiuO´ no±%i}Oµ%klxlklnJ~uO´Ano±%iv%roi²%h%uO¸
klg>·ViporoinouHh%i.}Ox yklno±|uVpopoix}Onoih#v:}Ononoipog%r.
 j]«7¨®-.­	A¯«7¨	
fJn-klrAxlklnonoxlipoi.}Ox:xlk ´Fiµ:ig%iﬃw:nnouµ:i}Oµ%xlinouronouVpoiklg%h%iv:ig%h%ig>nv:}Ononoipog%r-klg}Og7}Ororou>|k}.¸
nokl·Vig%inJyuVpoz¹/xlx qi.}Og%klg%mO´F²%xv:}Ononoipog%rnoig%h³nou±:}.·VirouVqi´FuVpoqﬀuO´-|uVpopoix}OnokluVg%r.
t/ipoi7yiH±:}.·Vixlu>uVzVih³}On}roklqv%xli|.}OroiV{ }Og%h³±:}.·Viroiigb±%uOyno±%iHt/iµ%µ³po²%xliHh%inoiﬃ¸
pokluVpﬃ}OnoirHpﬃ}Ov%klh%xl~³yklno±bno±%iroi
nJ~>v:irHuO´/noklqi7|uVpopoix}OnokluVg%r.#°±%ig%iyxli.}Opog%klg%m#po²%xli
ronoklxlxA±:}Or}Oxlx no±%iHklqv:uVponﬃ}Og>n´F²%g%|nokluVg:}OxlklnJ~
uO´no±%iHt/iµ%µ³po²%xliV{µ%²%n±:}Orµ:uVno±³±%klmV±%ip

|.}Ov:}O|klnJ~7}Og%hmVpoi.}Onoippoiroklxlklig%|i/nouH|uVpopoix}OnokluVg%r.AfJn}Ov%v:i.}Oporno±:}On-no±%ig%iyCxli.}Opog%klg%m
po²%xliklrno±%iuVg%xl~uVg%iuO´Ano±%ino±%poiipo²%xlir|uVg%roklh%ipoih³y±%kl|ﬃ±klrro²%klnﬃ}Oµ%xli/´FuVppoi.}Oxnoklqi
ronouVpﬃ}OmViuO´-v:}Ononoipog%r/no±:}On´FuVpoqﬁ}noklqi/roipoklir.
 
 ª(¨®-
lº ¹H: >nouVpozVi~>fJg%|poi.}Oroklg%m
no±%i|.}Ov:}O|klnJ~
uO´-no±%i±%uVv>w:ixlh#g%inJyuVpozyklno±%uV²%n/rﬃ}O|ﬃ¸
pok w:|klg%mH´F²%g%|nokluVg:}OxlklnJ~>AfJg
7-(127/ﬁ-+
4
7/<
4
7
5
(16(79$(
4
7
	 12-+ aﬂ9+/<J(;16/<J(-:
)
4
16=?
{:º%
  : 
|Axlkli|iV{   uVrog%ip.{  u>h%iqkl|ﬃ± { }Og%h -ig%zV}Onoiro± °±%i
|.}Ov:}O|klnJ~
uO´-no±%iHt/uVv>w:ixlh³}Ororou>|k}Onokl·ViqiquVpo~>
&16/ﬁ7?2/ﬁ9-+
4
7?
4
7

7
524
1$:
.0/ﬁ-+
4
7#&'(
4
12D
{%7 7%4{ 5s { %ºﬀ{ﬂﬁ %{%ºﬁ%
 7f }Og>noip}Og%htH >uVqv:uVxlklg%roz>~>%¹/rorou>|k}Onokl·Vi/poi|.}Oxlx:uO´AqiquVpo~yklno±%uV²%n-ipopouVpor.
ﬃ
'D?2+9$/<P( +()!	 :#"P(7(16/<
ﬃ
'D?2+92?
{7 %4oº 5s 7ﬁ
G
%7 %{%ºﬁ%

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0
20
40
60
80
100
120
140
160
Correlation
Ca
pa
cit
y
New rule v Hebb rule
(500 Neurons)
New rule
Hebb rule
  klmV²%poi7ºVs  }Ov:}O|klnJ~7uO´Ag%iyxli.}Opog%klg%mHpo²%xli·t/iµ%µ*4qklg>¸Jqi.}Og>¸Jq}.jmVpﬃ}Ov%±5
ﬁ
